[1] We evaluate the relationships of monthly climatological satellite measurements of sea surface height, temperature and chlorophyll-a to climatological subsurface parameters (mixed layer depth, thermocline depth, and Z 2N , the 2 mmol NO 3 isocline depth) on a global scale to determine the spatial variability and mechanisms underlying their relationships. The goal is to situate satellite surface data in the context of subsurface processes so that ultimately surface variability on longer timescales can be related to physical processes. There are well-defined physical regimes in the tropics (20°S-20°N), where surface and subsurface physical parameters are predominantly positively correlated because of the dominance of baroclinic processes, and the extratropics (20°-60°latitude), where they are negatively correlated, and barotropic processes dominate. The biological regimes differ between these regions. Correlations between surface chlorophyll and subsurface parameters are variable in the tropics, positive at midlatitudes (20°-40°latitude) and negative at high latitudes. We interpret these changing relationships in the context of differing underlying biophysical processes: dynamic uplift causing nutrient entrainment into the euphotic zone in parts of the tropics, seasonal entrainment of nutrients into the euphotic zone at midlatitudes, and seasonal controls on light supply at high latitudes. Together with the physical regimes, these biophysical conceptual models explain the relatively complex, broad-scale relationships between global satellite measurements of sea surface height, temperature, and chlorophyll-a on a climatological seasonal basis.
Introduction
[2] Satellite data provide a unique perspective on natural and anthropogenic climate change on large scales, but determining the mechanisms underlying their observed variability will require a better understanding of the interactions between ocean-atmosphere coupling, ocean biology and CO 2 drawdown. Variability in both the mixed-layer depth (MLD, the surface zone of near-uniform temperature) and the thermocline depth (TD, the depth of maximum thermal gradient) are important to these processes because of their impacts on both surface biology and the air-sea CO 2 flux [Ito and Follows, 2003] . Currently, there is no established means of inferring subsurface density or biogeochemical structure directly from surface satellite data, although there has been some success reconstructing subsurface structure in regional areas using in situ data in conjunction with satellite data [Carnes et al., 1994; Chu et al., 1997; Guinehut et al., 2004; Nardelli and Santoleri, 2004] . Knowledge of this subsurface thermal and salinity structure is also critical to assimilation of satellite data into predictive models [De Mey, 1997; Han et al., 2004; Ji et al., 2000; Maes, 1999] . Subsurface variability inferred from satellite data has been used to speculate on both the type of phytoplankton observed by satellite ocean color [Coles et al., 2004; Wilson, 2003] , and on interannual variability in production [Carr et al., 2004] . This study seeks to better quantify the broad-scale spatial and temporal relationships between climatological satellite observations: sea surface height (SSH), sea surface temperature (SST) and upper ocean chlorophyll-a (CHL) and subsurface parameters (MLD and TD) to improve the mechanistic inferences that can be made from satellite data and to form a basis for the interpretation of variability in the satellite data.
[3] SSH variability, in contrast to SST or CHL measurements, reflects an integrated measure of variability over the full depth of the water column. Once corrected for tidal and atmospheric pressure effects, the primary components in SSH variability are steric effects (density changes from heating, cooling or salinity changes) and wind forcing [Fu, 2001] . Heating and cooling of the upper ocean dominate seasonal SSH variability [Gill and Niiler, 1973] , with salinity changes important only in some regional areas [Sato et al., 2000] . Whether the ocean responds baroclinically or barotropically to wind forcing varies on different spatial and temporal scales, but generally, the response is barotropic outside the tropics, and baroclinic within the tropics [Fu, 2001] . These responses partially dictate how SSH variability relates to the variability in TD. At the mesoscale, SSH variability mostly reflects changes in subsurface thermal or density structure, and consequently SSH anomalies are often used to infer the relative motion of the thermocline, and to estimate absolute changes in the surface layer depth using a baroclinic equation [Siegel et al., 1999; Tilburg et al., 2002] . The validity of this assumption has been tested in the tropics, where it appears to be a good approximation [Pingree et al., 2002; Rebert et al., 1985; Ryan et al., 2002; Turk et al., 2001] . Outside of the tropics, however, the correlation between SSH and TD is reduced by both a deeper and more diffuse thermocline, and by stronger surface buoyancy fluxes [Mayer et al., 2001; Rebert et al., 1985; Stammer, 1997] . Since temperature changes dominate fluctuations in surface density in most of the ocean, SST data can also be used to infer MLD or TD [Chu et al., 2000; Houghton, 1991; Nardelli and Santoleri, 2004] , although in regions subject to multiple forcings, such as the tropics, the relationship between surface parameters and subsurface structure becomes complicated [Houghton, 1991; Mayer et al., 2001] . However, large-scale patterns in satellite fields suggests that satellite data may be useful in inferring subsurface structure [Le Quéré et al., 2002; Wilson and Adamec, 2002] .
[4] The ability to use satellite SSH and SST data to infer MLD and TD variability is important because variations in both MLD and TD influence upper ocean ecosystems. Both parameters can be thought of as defining the surface ocean layer, and generally, MLD and TD are assumed to vary synchronously, as a deepening MLD results in a deeper TD, and the seasonal thermocline tends to track the restratification associated with a shoaling MLD. However, the quantities are dynamically different. MLD is set by the depth of penetration of surface turbulence generated by wind and buoyancy forcing. TD responds to large-scale wind stress curl, as well as variability associated with seasonal restratification. As MLD increases, vertical entrainment brings nutrients toward the surface where light levels are higher, thereby enhancing biological production if the system is not light limited [Bissett et al., 1994; Gardner et al., 1999] . In past studies, the thermocline is often assumed to be correlated with the nutricline, with the corresponding inference that TD variations also shoal or deepen the nutricline, affecting the nutrient level of waters entrained into the mixed layer [e.g., Herbland and Voituriez, 1979; Turk et al., 2001] .
[5] A strong CHL-TD correlation would be expected where nutrients are limiting and the thermocline is close to the surface, such as in the tropics and in upwelling regions. Generally a good correlation between both CHL-SSH and CHL-TD has been observed in the tropical Pacific [Chavez et al., 1998; Turk et al., 2001; Wilson and Adamec, 2002] . However, over large regions of the global ocean the CHL-SSH relationship suggests that either the SSH-TD-nutrient flux paradigm is invalid, or that vertical nutrient fluxes are not the primary control on surface biomass [Wilson and Adamec, 2002] . This observation is consistent with recent studies implicating the importance of lateral advection of nutrients to the productivity of the ocean gyres [Jenkins and Doney, 2003; Oschlies, 2002; Williams and Follows, 1998 ]. Of course, the physical controls on surface biomass associated with MLD or TD controls on light and nutrients cannot account for chlorophyll variability associated with grazing pressure, or aeolian deposition of micronutrients.
[6] Analyses of the relationship between surface observations (SSH, SST and CHL) and subsurface parameters (MLD and TD) have been confined mostly to localized areas where sufficiently long subsurface time series exist, and have been primarily in the tropical ocean [Chu et al., 2000; Guinehut et al., 2004; Houghton, 1991; Nardelli and Santoleri, 2004; Pingree et al., 2002; Rebert et al., 1985; Ryan et al., 2002; Turk et al., 2001] . Some larger-scale studies have inferred subsurface behavior from the differing geographical correlations between satellite SSH and CHL [Le Quéré et al., 2002; Wilson and Adamec, 2002] .
[7] Here we examine satellite data in conjunction with subsurface parameters on global spatial scales and climatological temporal scales to directly evaluate how they covary. Since insufficient subsurface data currently exist to look at interannual time series globally, we use monthly climatologies to investigate the seasonal relationships between satellite measurements of SSH, SST and CHL and the subsurface parameters of the MLD, TD and Z 2N , the 2 mmol mol NO 3 isocline depth. Our goal is to understand on broad spatial and temporal scales the relationship between the surface, observable quantities of SSH, SST, and CHL, and the subsurface properties that govern light and nutrient availability. While correlations between ocean properties that may be expected to have a seasonal cycle are not surprising, the spatial patterns in the correlation fields demonstrate different relationships among the variables that can be related to mechanistic hypotheses. Ultimately these large-scale relationships may be linked to factors that cause interannual variability on large spatial scales in phytoplankton production.
[8] Specifically, we examine four interrelated hypotheses: (1) MLD and TD covary, (2) SSH anomalies can be used at large spatial and temporal scales to infer the behavior of the depth of the surface ocean layer (MLD or TD), (3) the thermocline is a proxy for Z 2N , and (4) causal linkages between SSH anomalies and the Z 2N and MLD create a relationship between SSH and CHL.
Data and Methods
[9] Satellite data from 1999 to 2003 were used to make global 1°monthly climatologies of SSH, SST, and CHL. Data from 1997 to 1998 were excluded to avoid aliasing from the strong ENSO event during that period. The merged SSH product, using data from TOPEX/Poseidon and the ERS satellites, was obtained from Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) (http://www.aviso.oceanobs.com/). Reynolds SST analysis was used [Reynolds et al., 2002] , and Sea-viewing Wide Field-of-view Sensor (SeaWiFS) chlorophyll-a data were obtained from the NASA Goddard Space Flight Center Distributed Active Archive Center (DAAC) (http:// daac.gsfc.nasa.gov). MLD fields and temperature profiles were obtained from the Levitus data set [Levitus and Boyer, 1994] distributed by the Climate Data Library at Columbia University's Lamont-Doherty Earth Observatory (http:// ingrid.ldgo.columbia.edu). The Levitus MLD data are calculated using a density criterion of 1.25 Â 10 À4 kg m À3 . The analyses were also performed using MLD climatologies produced by the Naval Research Laboratory [Kara et al., 2003] and the Laboratoire d'Océanographie Dynamique et de Climatologie [de Boyer Montégut et al., 2004] (not shown). There are only minor differences in the results using the other MLD fields, and they do not affect the overall large-scale patterns presented here. We have chosen to remain with the Levitus MLD to maintain spatial consistency with the TD calculation.
[10] The TD is calculated as the shallowest local maximum in the vertical temperature gradient below the MLD. This definition is used instead of the depth of the maximum temperature gradient in order to distinguish the seasonal thermocline from the deeper permanent thermocline. The seasonal thermocline is used here because it reflects the depth of vertical mixing, and so is the biologically relevant choice. The determination of a globally consistent TD is a challenge. Criteria such as the maximum vertical temperature gradient, thresholds of vertical gradient, and latitudinally varying isopycnal depths failed to yield consistent results based on visual inspection of the thermocline depth plotted against vertical sections of temperature.
[11] The monthly objectively analyzed nitrate values from the World Ocean Atlas 2001 database [Conkright et al., 2002] are used to calculate Z 2N , the depth of the 2 mmol NO 3 isocline. The vertical gradient in nutrient is less relevant to CHL than the absolute concentration available for uptake by plankton. Thus, although the nutricline gradient governs local diffusion of nutrients, we are invoking seasonal entrainment into the mixed layer as the dominant nutrient flux mechanism, which is independent of the vertical gradient in nutrient concentration. This definition also reduces the errors associated with determining the vertical gradient in a noisy field.
[12] All surface and subsurface fields are smoothed with a 5°spatial running box mean, and a three month temporal running box mean before analysis. Correlation maps shown below are further postfiltered with a 3°spatial running box mean. Different scales, and anisotropic smoothing were performed, none of which altered the large-scale patterns. The smoothing reduces small-scale variability, better emphasizing the large-scale patterns of interest.
Results

Surface Layer (MLD and TD)
[13] The boundary between the surface layer and deep water in a conceptual two-layer ocean can be defined as either the MLD or the TD, depending on whether the distinction is dynamical or biological. Here we look at both parameters as indicators of the depth of the surface layer, and compare them to variability observed in satellite data. Often, MLD and TD have been assumed to vary synchronously, as a deepening MLD results in a deeper TD, and the seasonal thermocline tends to track the restratification associated with a shoaling MLD.
[14] To examine the hypothesis that the MLD and the TD covary, global correlations between them are shown in Figure 1 . While correlations do not imply causality, they indicate the degree to which variables are in (or out of) phase, which can be used to understand the underlying dynamics affecting them, particularly where mechanistic interactions linking the processes are identified. As expected, the MLD and TD are positively correlated (R > 0.8) throughout most of the global ocean. However, within the tropics (20°S -20°N), there are regions of weaker positive correlations, as well as some areas of negative correlations. This might be expected, as the annual cycles in heating and mechanical stirring are less coupled, and individually weaker, in the tropics. A disconnect between TD and MLD variability on seasonal (but not on interannual) timescales has also been observed in in situ measurements from the equatorial Pacific [Cronin and Kessler, 2002] . The regions of negative, or weakly positive correlations, generally fall along three zonal bands in the Atlantic and Pacific: 10°S, 5°N and 15 -20°N, with maxima away from the western boundaries in the central ocean basins. To better understand the MLD-TD correlations, a repeating seasonal cycle is plotted for the zonally averaged MLD and TD in Figures 2a and 2b . The dynamic range for both MLD and TD is seen to be low in the tropics, particularly for MLD, which tends to weaken the correlation between the two. While the seasonal cycles in both parameters shift between the tropics and the extratropics, there are some significant differences in their seasonal transitions. Both have a summer maximum and winter minimum outside of the tropics, but the changes from Southern to Northern Hemisphere dynamics occur at different latitudes.
[15] The northernmost band of disconnect between TD and MLD occurs at 15-20°N. As seen in Figures 2a and 2b , there is a transition in the seasonal cycle at these latitudes, from a December-March maximum in both properties north of 15°N to a maximum 2 -3 month later closer to the equator. While this transition occurs abruptly in the MLD, preceded by a slightly earlier winter MLD maximum, it occurs more gradually in the TD, and between 18-20°N, there is a semiannual signal, with a TD minimum in March separating the two maxima. Thus the weakened MLD-TD correlation here is probably caused by the secondary TD maxima in January-February, which does not occur for the MLD. Colocated with this TD minimum is a local minimum in wind stress (from National Centers for Environmental Prediction Reanalysis, not shown), which may be driving the TD variability.
[16] The second band of decorrelation between MLD and TD occurs near 5°N and is associated with the Intertropical Convergence Zone (ITCZ). Both MLD and TD acquire a semiannual maximum near 5°N. MLD, however, transitions a few degrees closer to the equator than TD, and the winterspring MLD maximum is greater than the summer-fall maximum, and the opposite is true for TD. The southern limit of these semiannual signals in MLD and TD occurs at 10°S, the third region of decorrelation, and is again associated with somewhat poleward transition in TD relative to the MLD transition.
[17] Differences between the seasonal dynamics of MLD and TD arise from the similar but different physical mechanisms that modulate them: wind speed and buoyancy forcing for MLD, and these, plus interactions with wind stress curl, for TD. The seasonality of the MLD, with its abrupt change in the month of the seasonal maximum near 8°S, is virtually identical to the seasonal pattern in wind speed (not shown). TD dynamics are more complicated, as the TD is affected by seasonal changes in both the sign and magnitude of the local wind stress curl, as well as through remote forcing by waves. Regions where the TD seasonality changes also coincide with regions with seasonal changes in the sign of the curl (not shown). However, the TD is also affected by the wind speed, for example, the local TD minimum in March at 20°N is preceded by a February minimum in wind speed at the same location (not shown). [18] There are also some regions of negative correlations in the western Pacific near the warm pool, and in the Indian Ocean, that do not fall along obvious zonal bands. The negative correlations could result from the barrier layers that are found in these regions [Sprintall and Tomczak, 1992] . Barrier layers form where salinity gradients rather than thermal gradients dictate the depth of vertical mixing between the surface isohaline and isothermal layers. This layer increases surface stratification and restricts vertical mixing [Lukas and Lindstrom, 1991] . Seasonal formation of barrier layers will impact the MLD without influencing the TD, leading to a disconnect between MLD and TD variability.
[19] However, over much of the global oceans, MLD and TD covary strongly, indicating a similar seasonality in the factors that control them, and confirming our first hypothesis. In general, this relationship is weaker in the tropics, though even there, the negative or insignificant correlations occur in localized bands. Throughout the following discussion we will focus on the TD, with some exceptions related to the regions where MLD and TD do not covary.
Satellite Measurements and Surface Layer Thickness
[20] It is has often been assumed that our second hypothesis is correct; that positive SSH anomalies indicate a deeper thermocline [Cipollini et al., 2000; Garzoli and Goni, 2000; McClain et al., 2004; Siegel et al., 1999; Tilburg et al., 2002] , and this can be clearly seen in the spatial pattern of mean SSH which shows the large-scale wind driven gyre circulations, as well as in mesoscale eddies SSH and TD structure, however, this has been tested only at limited temporal and spatial scales. This hypothesis implies a positive correlation between SSH and TD, since both quantities are defined here as layer thicknesses, rather than absolute depth referenced to a fixed vertical level. While the positive SSH/TD correlation is generally robust at the eddy scale [Siegel et al., 1999; Tilburg et al., 2002] , or within the tropics [Rebert et al., 1985; Ryan et al., 2002; Turk et al., 2001 ] our goal here is to evaluate its consistency on basin and global scales.
[21] To examine the geographic robustness of this relationship, correlations between surface (SSH and SST) and subsurface (TD and MLD) fields are shown in Figure 3 . The expected positive correlations between SSH-TD and SSH-MLD are confined mainly to the tropics (20°S-20°N), with negative correlations elsewhere. Clearly, on annual timescales and large spatial scales, SSH should not be used as a proxy for TD or MLD. Significant variations exist even within this broad-scale pattern of positive tropical correlations. For example, the regions of positive correlations are smaller in the southern tropics than the northern tropics (particularly in the Atlantic and Indian oceans). This may relate to a hemispheric asymmetry in the large-scale gyre structures, as the Southern Hemisphere lacks a tropical gyre, and the subtropical gyre penetrates farther equatorward at the surface.
[22] The switch from positive to negative correlations occurs quite sharply at roughly 20°latitude, although it is slightly less abrupt in the south then in the north. This transition is caused by the change in SSH seasonality between 10°and 20°latitude, seen in Figure 2c , which is also less pronounced in the Southern Hemisphere. Several dynamics change across this 20°N and S transition. In the tropics wind-driven processes dominate SSH variability, while outside the tropics the steric effects associated with seasonal cooling and heating dominate [Ferry et al., 2000; Fukumori et al., 1998; Mayer et al., 2001; Stammer, 1997] . In the extratropics as surface water warms in the summer the MLD and TD shoal. Relative to winter conditions, there is more warm, light water above a relatively shallow seasonal thermocline, leading to positive SSH anomalies, and negative SSH-TD correlations. The 20°N and S transition is also a separation point between the dominance of baroclinic processes in the tropics and barotropic processes elsewhere [Chao and Fu, 1995; Fukumori et al., 1998] . A positive SSH/TD correlation represents baroclinic processes; with barotropic processes the sea surface and depth of the surface layer move in unison, resulting in a negative correlation (since SSH increases while TD is thinning or decreasing). The dominance of barotropic processes outside of the tropics is important, as it means that the baroclinic equation which was developed for, and has been used successfully for, equating mesoscale SSH anomalies to absolute changes in the TD [i.e., Siegel et al., 1999; Tilburg et al., 2002] is not applicable on large spatial scales outside of the tropics.
[23] Correlations between SST-TD and SST-MLD are shown in Figures 3c and 3d . With seasonal cooling, SST decreases and the MLD and TD deepen, resulting in a predominantly negative correlation throughout the global ocean. The negative relationship between SST and MLD (Figure 3d ) is the most consistent globally, with only 3% of the ocean having significant positive correlations. This robust relationship reflects the interactions between both cooling and the MLD, and entrainment of deeper colder water and the MLD, which both act to maintain a negative SST-MLD correlation. The positive correlations along the equator result from a small latitudinal shift in the seasonal switch between the northern and southern hemisphere as discussed above. As seen in Figure 2d , the SST transition occurs just south of the equator (although there is meridional variation, the transition occurs slightly north of the equator on the eastern sides of the basins, not shown), but both the TD and MLD transition further off the equator (6°N and 8°S respectively), leading to positive correlations along the equator. There are additional regions of positive SST-TD correlations (Figure 3c ) not echoed in the SST-MLD correlation map (Figure 3d ) that are primarily associated with changes in the TD seasonality from migration of the ITCZ. These regions of positive correlations also have negative MLD-TD correlations (Figure 1) , reflecting differences between the seasonal dynamics that drive the vertical migration of the thermocline, and the wind speed magnitude, which modulates the depth of mixing and the SST.
Thermocline and Nutricline
[24] Biologically, the thermocline is not of interest because of the effect of the maximum vertical temperature gradient on ecosystems, but rather because the thermocline is often used as a proxy for Z 2N . Assuming a tight relationship between the TD and Z 2N , changes in the depth of the thermocline will impact the vertical flux of nutrients to the surface, stimulating or suppressing surface biological production. To assess how well the TD represents the Z 2N , Figure 4 . On short timescales (seasonal) nitrate is assumed to be the limiting nutrient [Lewis et al., 1986] outside of high-nutrient, low-chlorophyll (HNLC) regions, however phosphate limitation can also occur, particularly on longer timescales [Cullen, 1999; Karl et al., 1997; Tyrrell, 1999] . Here NO 3 is used, however the resulting geographical patterns would be similar if PO 4 had been used. Throughout the tropical Atlantic and Indian Oceans, there is generally a good agreement between the Z 2N and thermocline, with their depths being within 50 m of one another (the green regions in Figure 4c ), consistent with previous work [Herbland and Voituriez, 1979] . In the middle of the subtropical gyres, however, the Z 2N can be as much as 100 -200 m deeper than the thermocline, resulting in the oligotrophic open ocean gyres. The deep Z 2N affects the availability of nutrients for supporting biological production, and these regions are also characterized by the lowest mean CHL values [McClain et al., 2004] .
[25] In HNLC regions, (high latitudes and most of the equatorial Pacific), Z 2N is at the surface (indicated by black in Figure 4b ). In these areas production may be limited by iron [Martin et al., 1990] or other micronutrients, and/or, on a seasonal basis, by light in the high latitudes. Iron-limited ecosystems should be less influenced by thermocline (Z 2N ) changes; as the primary source of iron to the euphotic zone is atmospheric deposition [Duce and Tindale, 1991] . However, light-limited ecosystems will be impacted by MLD changes, with increased production occurring when shallow mixed layers trap phytoplankton in the photic zone.
Subsurface Variability and Chlorophyll
[26] Relationships between satellite-derived chlorophyll and the subsurface parameters are shown in Figure 5 and delineate three geographical regions: negative correlations in the subpolar regions (40°-60°), positive in the midlatitudes (20°-40°), and highly regionally variable in the tropics (20°S-20°N) . Conceptual schematics illustrating the factors influencing the different regional ecosystem dynamics are shown in Figure 6 . Time series of MLD, TD, Z 2N , CHL, SST, and SSH averaged over regions best illustrating these conceptual models are shown in Figure 7 to highlight the evolution of these quantities over the seasonal cycle.
[27] Different scenarios involving nutrient or light limitation can lead to positive or negative CHL/TD relationships as illustrated in Figure 6 . Assuming a nutrient-limited system (Figure 6a ), when the thermocline (nutricline) is lifted (as in upwelling), nutrients are brought into the surface layer, increasing chlorophyll, and resulting in a negative CHL-TD relationship. This case corresponds to the regions of negative correlation between CHL and MLD/TD observed in the tropics. In the subtropics (Figure 6b ), if the seasonal TD stratifies above the Z 2N , then nutrients will be limiting in the warm season, and winter mixing will deepen the seasonal TD and allow for entrainment of deep nutrients into the surface, increasing chlorophyll, and resulting in a positive CHL-TD relationship. In a light-limited system (Figure 6c ), winter mixing creates high nutrient concentrations in the upper ocean, which cannot be utilized until springtime shoaling of the MLD traps phytoplankton within the surface euphotic zone, increasing chlorophyll, and resulting in a negative CHL-TD relationship. These different dynamics are discussed in more detail below in the context of the observed geographical relationships.
Tropics (20°°°°°°°°°°°°°°°S-20°°°°°°°°°°°°°°°N)
[28] The tropics are characterized by variable correlations between CHL and the surface layer depth, with areas of both positive and negative correlations. Negative correlations correspond conceptually to the upwelling scenario (Figure 6a ). In this case, a shallower TD brings more nutrients to the surface, increasing CHL and leading to negative CHL-TD correlations. Strong negative correlations consistent with upwelling regimes occur in the central equatorial Pacific and along the eastern boundary currents (Figure 5a ). This pattern is illustrated in Figure 7a , where time series of MLD, TD, Z 2N , CHL, SST, and SSH are shown averaged over an upwelling region off of South America. Coincident with the uplift of the thermocline in January-March, the chlorophyll has its seasonal maximum. [29] Parts of the tropics are iron-limited HNLC regions (see black shaded regions in Figure 4b ) where variations in micronutrient supply will have a bigger impact on biological production than changes in the physical dynamics of the ocean. Although a causal relationship between CHL and TD would not be expected, even in these regions, the correlations tend to be negative. Positive correlations in the tropics occur in warm pool regions, in the central tropical gyres, and areas where the Z 2N is shallow enough throughout the year that increased MLD enhances nutrient supply, i.e., where the subtropical scenario in Figure 6b applies. This dynamic can be seen in Figure 7b . Although in this region the MLD does not intersect the Z 2N they are closest in the winter when CHL is at a maximum.
Midlatitudes (20°°°°°°°°°°°°°°°-40°°°°°°°°°°°°°°°)
[30] The midlatitudes are characterized by strong, positive correlations between CHL and MLD/TD, consistent with wintertime entrainment of the nutricline into the mixed layer (Figure 6b ). However, as mentioned above, the upwelling scenario (negative correlation) is also evident along the eastern boundary of the Atlantic and Pacific in coastal upwelling regimes. To a first order, the entrainment scenario seems inconsistent with the broad regions of positive correlation because they are areas with the deepest Z 2N , which can be well below the thermocline (Figure 4) . However, the correlations reflect only how well the parameters vary together, and the absolute values of the parameters must be taken into consideration to understand the underlying dynamics. The midlatitudes are the most oligotrophic parts of the ocean [McClain et al., 2004] , never experiencing high levels of biomass, as illustrated by the low dynamic range in Figure 2e . While there is not very much NO 3 above Z 2N , the small seasonal chlorophyll maximum in these regions does not require a large nutrient supply. The key distinction between the upwelling and entrainment scenarios in Figure 6 is the relationship between TD and Z 2N , and in regions with a positive CHL/TD (i.e., the midlatitudes), the thermocline and Z 2N should be seasonally decoupled from one another, with the permanent thermocline being associated with the Z 2N , and the seasonal thermocline restratifying above Z 2N . This does in fact occur, as seen in the seasonal cycles in Figure 7c , where at midlatitudes the MLD and TD deepen below Z 2N in winter, but are shallower or colocated the rest of the year. To see the geographical extent of this dynamic a map of the seasonally varying relationship between the TD and Z 2N is shown in Figure 8 . Regions where TD and Z 2N intersect within a seasonal cycle (such as in Figure 7c ) are in white; the shaded regions indicate coupled behavior where the two never intersect. Throughout most of the midlatitudes, Z 2N and thermocline movements are decoupled seasonally (white regions), consistent with the entrainment model. Exceptions to this occur in the dark gray regions of Figure 8 , where Z 2N is always deeper than the thermocline (see Figure 4c) . However, the behavior of Z 2N and the thermocline is the same in these regions, in that the depths of the two converge as the thermocline deepens in winter while Z 2N stays fixed. It should be noted that while the entrainment model requires TD and Z 2N movements to be seasonally uncoupled, their intersection does not necessarily imply that entrainment dynamics drive CHL. For example, in the equatorial regions where the TD and Z 2N are close to one another slight deviations in either of them could cause their intersection without fundamentally changing the dynamics. In addition, in light-limited regions, seasonal drawdown of nutrients can deepen the nutricline into the thermocline.
[31] The entrainment scenario would also apply when chlorophyll from the deep chlorophyll maximum (DCM) is entrained into the surface by a deeper MLD, although in this case the CHL increase would not be a result of new production. This dynamic has been observed in parts of the oligotrophic Pacific where wintertime mixing does not reach the nutricline [McGowan and Hayward, 1978; Venrick, 1993] . Either scenario, entrainment of nutrients or of the DCM, invokes a causal mechanism to explain the positive CHL-TD correlations. An additional, noncausal, explanation for the observed relationship would be a photoadaptive chlorophyll increase during the winter [Letelier et al., 1993] , which is coincident with, but independent of, changes in the MLD or TD. 
Subpolar (40°°°°°°°°°°°°°°°-60°°°°°°°°°°°°°°°)
[32] The subpolar regions are characterized by negative CHL-TD correlations ( Figure 5) ; however, the cause is consistent with the light limitation scenario (Figure 6c ) rather than the upwelling scenario (Figure 6a ). The change from negative to positive correlations near 40°latitude coincides with the surfacing of the ND (Figure 4b ) leading to a larger nutrient flux for biological production. However, seasonal light limitation, due to the very deep winter mixed layers (Figure 2a ) at these high latitudes, prevents phytoplankton growth during the winter nutrient injection. Phytoplankton growth is delayed until the MLD shoals in the spring. Figure 7c illustrates this seasonal cycle with data from the central Pacific subpolar gyre. MLD and TD are closely correlated, with Z 2N remaining at the surface throughout the year. SST and SSH are maximum in late summer/early fall due to heating and steric effects. The CHL response occurs in the spring, anticorrelated with MLD/TD, SSH, and SST, however, the anticorrelation is low because the CHL response is particularly abrupt and short-lived relative to the variability in MLD, TD, and SSH.
Biogeographical Provinces
[33] The three broad types of climatological seasonal biophysical interactions delineated here are consistent with results from biogeographical studies. Longhurst [1995 Longhurst [ , 1998 ] used climatological CZCS satellite chlorophyll data to partition the oceans into different ecological provinces and biomes. He developed five general models to describe biophysical dynamics in the open ocean: polar light limitation, midlatitude nutrient limitation, subtropical nutrient limitation, tropics with weak seasonality and monsoon dominated. His polar light-limiting model corresponds to the light limitation scenario (Figure 6c ), his midlatitude, nutrient-limiting model corresponds to the upwelling scenario (Figure 6a ), his subtropical and monsoon models to the entrainment scenario (Figure 6b) , while his tropical model is characterized by no significant seasonal change in either biological or physical parameters. For each model he presented schematics of the seasonal cycles of chlorophyll and MLD [Longhurst, 1995] . Shown in Figure 9 are the open ocean provinces he defined, classified here by the seasonal relationship between CHL and MLD in their associated models -either positive, negative or a lack of correlation. The same general pattern that he defined previously is seen in Figure 5 ; negative correlations at high latitudes and positive ones throughout the midlatitudes. However, whereas our analysis shows significant, yet variable, correlations within the tropics, his model indicated little correspondence between CHL and MLD variability in Figure 9 . Open ocean biogeochemical provinces adapted from Longhurst [1995 Longhurst [ , 1998 . Regions where his model indicates negative (positive) CHL/TD correlations are in blue (red). Light gray regions correspond to where his model predicts little correspondence between physical and biological forcing. the tropics. Our results indicate that the boundary in the Southern Hemisphere between light and nutrient limitation occurs at 40°S, whereas his work has this transition further south near 50°S, and his northern tropical boundary at 30°N is further north than ours at 20°N.
Conclusions
[34] In summary we will revisit the hypotheses that were examined:
[35] 1. At the temporal and spatial scales of our analyses the MLD and TD (defined as the seasonal thermocline) generally covary throughout the oceans, except for some well-defined transitional regions at 20°N, 7°N, and 10°S, so the variability in MLD and TD is well represented with either property.
[36] 2. Relationships between the surface layer and satellite measurements (SSH and SST) have significant geographic variability. SSH has a broadly positive relationship with MLD/TD in the tropics, consistent with baroclinic dynamics. Negative correlations between SSH and MLD/ TD occur outside the tropics due to steric processes. SST and MLD/TD are better correlated than SSH and MLD/TD, though this relationship may be less causal, and more coincident.
[37] 3. The relationship between the seasonal thermocline and Z 2N varies geographically. While the thermocline is often assumed to be a proxy for Z 2N , this is true only in the tropical regions of Indian and Atlantic oceans. In the subtropical gyres Z 2N is deeper than the seasonal thermocline most of the year, but seasonally intercepts the thermocline during winter deepening of the thermocline.
[38] Relationships between CHL and the subsurface fields delineate three geographical regions: the tropics, midlatitudes and high latitudes. The different correlations represent fundamentally different underlying biophysical dynamics: thermocline uplift in the tropics, entrainment in midlatitudes and light limitation at high latitudes. Clearly chlorophyll variability that is associated with grazing pressure, internal ecosystem variability, or physical processes such as atmospheric deposition cannot be accounted for without additional information.
[39] Figure 10 illustrates conceptually the relationships between the physical subsurface dynamics and what we can observe from space; i.e., SSH-TD relationships and CHL-TD relationships, with TD (as a proxy for Z 2N ) being the mechanistic link between SSH and CHL. Our goal here is to interpret the fields that may be observed remotely with high spatial resolution, i.e., CHL-SSH relationships, as shown in Figure 11 , in the context of the underlying processes. Where SSH-TD and CHL-TD correlations are both negative (blue regions in Figure 10 ), or both positive (dark green in Figure 10 ), the CHL-SSH relationship should be positive, as is seen in Figure 11 poleward of 40°, in the region of light limitation, and in parts of the tropics. Where the correlation between SSH/TD is negative, and the CHL/TD relationship is positive (medium green regions in Figure 10 ), the CHL-SSH correlation will be negative, which occurs in the subtropical areas in Figure 11 and represents our entrainment scenario (Figure 6b) . Finally, the area where the SSH-TD relationship is positive, but the CHL-TD relationship is negative (pale green regions in Figure 10 ), yield negative CHL-SSH correlations (Figure 11) , and represents the upwelling scenario of Figure 6a . Thus, although Figure 11 is rather complex to interpret, particularly in the tropics, it may be understood mechanistically as a result of the different relationships between SSH-TD and CHL-TD.
[40] This work demonstrates the importance of understanding the regional subsurface dynamics in interpreting the relationships between surface satellite observations. Care is needed in interpreting the relationships between SSH and MLD/TD even within the tropics. However, these relationships may be very useful on interannual timescales for characterizing the changes in these seasonal climatological relationships.
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